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ABSTRACT 
The surface cold front is an important phenomenon that influences our weather on a 
regular basis. Cold fronts have the ability to influence decision-making regarding the growing 
wind energy industry in Iowa. Despite the abundance of literature and attention directed 
towards the study of cold fronts, areas of improvement remain in the numerical modeling of 
cold fronts. One area of improvement lies in the dynamical distinction between the non-
outflow boundary cold front (NOCF) and outflow boundary cold front (OCF). Historically, 
outflow boundaries have been defined as a cold column of air formed by evaporative cooling 
that reaches the ground and spreads out horizontally. This definition does not explain why 
some cold fronts with associated precipitation do not produce an outflow boundary. An 
additional mechanism must exist that can trigger the release of an outflow boundary from a 
cold front. Comparative analysis of the distinct synoptic and dynamic features of the NOCF 
compared to an OCF event identified several potential trigger mechanisms, including a low 
pressure trough that weakened after frontal occlusion and an upper level dipole structure of 
geopotential height. Thermodynamic and vorticity budget analyses were conducted to explain 
the important synoptic features for the NOCF and OCF events. The location of adiabatic 
warming differed between the two events and vortex stretching was more prominent in the 
OCF case than in the NOCF case. The ability of the NAM model to accurately forecast the NOCF 
event was assessed, with an emphasis on how wind power operators may use this information 
to better predict wind surging over Iowa. Results indicated that the NAM model has trouble 
predicting both the location and magnitude of the wind surge associated with the NOCF. An 
expansion of this study to include a wind surge forecast advisory is discussed.
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CHAPTER 1. GENERAL INTRODUCTION 
The surface cold front is an important phenomenon that influences our weather on a 
regular basis. Cold fronts have been admired and investigated since the development of the 
study of meteorology. From the earliest model proposed for a front by Margules (1906), our 
classification of frontal type and understanding of frontal dynamics has improved greatly. 
Numerous studies have been done on the cold front, studies which have been reviewed and 
compiled by authors such as Smith and Reeder (1988) and Schultz (2005). Despite the 
abundance of literature and attention directed towards the study of cold fronts, there is still 
much to be learned about this weather event. Areas of improvement remain in the numerical 
modeling of cold fronts (Ma et al., 2010; Locatelli et al., 2002) and forecasters will continue to 
search for answers to supplement their understanding of this classic weather system. 
One interesting feature of the cold front is its ability to produce an outflow of cold, 
dense, rain-cooled air that propagates out ahead of the surface cold front. The classical 
explanation of the mechanism to produce an outflow boundary is that heavy precipitation 
induces evaporative cooling to trigger the outflow (Simpson, 1977). One of the earliest 
mentions of the outflow boundary came from Tepper (1950), and was termed the “pressure 
jump line”. The outflow boundary itself has the structure of a gravity current (Simpson, 1977) 
and can lead to the formation of atmospheric internal bores (Coleman et al., 2009; Haertel et 
al., 2001; Knupp, 2006). In some cases, the outflow boundary itself is the initiator of new 
convection (Weckwerth and Wakimoto, 1992; Harrison et al., 2009). Still, the mechanism to 
explain why some cold fronts with heavy precipitation may never produce an outflow has not 
been thoroughly investigated. In order to understand the triggering mechanism which allows a 
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cold front to produce an outflow boundary, cases of outflow and non-outflow cold fronts must 
be studied comparatively. For the purpose of this study, cold fronts in Iowa may be classified 
under one of two separate categories, those which do not produce an outflow boundary, the 
Non-Outflow Cold Front (NOCF), and those which do produce an outflow boundary, the 
Outflow Cold Front (OCF). This study will investigate the synoptic and dynamic differences 
between the NOCF and an OCF in order to make a clear distinction between the two events. By 
comparing the two events, a trigger mechanism for the formation of an outflow may be 
established.  
One of the many reasons that cold fronts are necessary to study and understand is that 
they influence decision-making in different industries in Iowa. Agriculture and wind energy 
production are two such industries that rely on accurate weather forecasts to run smoothly and 
efficiently. Wind energy is an especially important industry in Iowa, where 27.4% of its 
electricity is generated by wind energy (AWEA, 2014). Wind power operators must keep a 
careful eye on any weather system that may affect production cost, energy output, or turbine 
damage. The passage of a cold front has been shown to bring about rapid changes in both wind 
speed and wind direction (Bluestein, 1993; Brundidge, 1965; Clarke, 1961), and has been shown 
to have the local structure of a gravity current (Hobbs and Persson, 1982; Seitter and Muench, 
1985; Shapiro et al., 1985). The passage of an outflow boundary has also been found to bring 
about significant wind changes (Goff, 1976). A rapid increase in wind speed, referred to in this 
paper as a wind surge, can lead to a sudden and unexpected rise in energy output of a wind 
farm (Ferreira et al., 2010). With the knowledge searched for in this study, forecasters may be 
able to increase the accuracy of wind surge event forecasts. 
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A cold front climatology was constructed to establish the significance of the NOCF for 
the four years investigated in this study: 2010, 2011, 2012, and 2013. Cold front events were 
tallied and categorized for the months investigated in this study: May, June, July, and August. 
The results are shown in the figure below. 
  
Figure 1. (a) Yearly frequency of all NOCF events compared to all OCF events for 2010, 2011, 2012, and 2013. (b) 
Monthly frequency of all NOCF events compared to all OCF events for May, June, July, and August. 
 
An average of 8.3 cold front events passed through Iowa each month that was studied. 
Of the cold fronts that passed through Iowa during the study period, 53/133 (40%) of the 
events produced an outflow boundary, while the remaining 80/133 (60%) of the events did not 
produce an outflow boundary. Every year, apart from 2010, saw more NOCF events than OCF 
events. The year 2010 was a wet year, with monthly precipitation totals for May, June, July, and 
August exceeding the mean monthly precipitation totals for each corresponding month. 
Precipitation totals for each month studied are compared to the running mean since 1893 in 
the following table.  
 
 
(a) (b) 
4 
 
Table 1. Monthly precipitation totals (in inches) for the years 2010, 2011, 2012, and 2013 compared to the running 
mean since 1893 (Iowa Environmental Mesonet 2014). Highlighted in red are the months examined in this study. 
 
 
For this study, only 9 out of the total 80 NOCF events were studied. The selection 
criteria for the NOCF events studied are justified in a later section. Cases were purposefully 
chosen from the summer and summer-transition months so that results found in this study 
could be applied to other studies of wind surge events over Iowa, such as the Crop Wind 
Experiment (CWEX) (Rajewski et al., 2013). Compared to the winter cold front, summer cold 
fronts are generally less intense (Reed and Kunkel, 1960), although the cold fronts presented in 
this paper had considerable temperature and wind changes. The general circulation in the 
summer shifts to the monsoon regime, which is marked by a cyclonic weather pattern 
underlying an anticyclonic pattern over the western part of the United States (Chen, 2003). 
With the arrival of summer comes the rainy season in parts of the United States such as Iowa. 
Nocturnal thunderstorms, coming mainly from mesoscale convective systems (MCS), are aided 
by the amplification of the low-level jet during the summer months which assists in both 
moisture and warm air advection from the Gulf of Mexico to the Midwest (Wang and Chen, 
2009; Augustine and Caracena, 1994). 
The selection criteria for each NOCF and OCF case will be highlighted in chapter 2 of this 
paper, followed by a description of the observational and model forecast data used. The 
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methods used to analyze the thermodynamic and vorticity budget for each case will wrap up 
chapter 2. Chapter 3 will feature the comparative results from the NOCF and OCF cases as well 
as an assessment of the model forecast accuracy for the NOCF event. Conclusions will be 
overviewed in chapter 4. An appendix featuring the relevant charts and figures for the 
additional NOCF cases will follow the conclusion. 
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CHAPTER 2. METHODOLOGY 
2.1 Case Study Selection 
In order to establish a picture of the distinct features which differentiate the NOCF 
event from the OCF event, cases needed to be selected which fit the basic requirements of the 
NOCF. In order to be selected, each case needed to include the following features: a strong 
persistent cold front which originated to the NW of Iowa and passed through from the NW to 
the SE tip of Iowa and continued its path to the SE; a synoptic set-up with a high pressure 
center located behind and ahead of the surface cold front; the absence of an outflow boundary 
anywhere along the length of the cold front and anytime during the lifetime of the cold front. 
Cases were selected from the following years: 2010, 2011, 2012, and 2013. The NOCF events 
that were studied occurred during the months of May, June, July, and August. The nine NOCF 
cases selected for this study occurred on the following dates: 4 May 2010, 2 August 2011, 24 
August 2011, 11 May 2012, 15 May 2012, 20 June 2012, 16 August 2012, 11 May 2013, 26 July 
2013. Details about the duration and speed of propagation of the cold front (C.F.) through Iowa 
for each NOCF event are shown in the table below. Highlighted in red is the case chosen to 
represent all of the NOCF events for this study. 
 
 
 
 
 
 
7 
 
Table 2. Time (UTC), duration (hr), distance (mi/km) and speed (mph/ms
-1
) of each NOCF as it passed through 
Iowa. Highlighted in red is the representative NOCF case chosen for this study. 
 
 
In addition, nine cases were selected which fit the requirements of the OCF. In order to 
be selected, each case needed to include the following features: a strong persistent cold front 
which originated to the NW of Iowa and passed through from the NW to the SE tip of Iowa and 
continued its path to the SE; an outflow boundary, which formed along the surface cold front, 
that propagated ahead of the cold front. The OCF cases were selected from the same four years 
and four months as the NOCF events. The nine OCF cases selected for this study occurred on 
the following dates: 25 May 2010, 15 July 2010, 31 May 2011, 9 June 2011, 2 July 2011, 28 May 
2012, 11 June 2012, 20 May 2012, 22 August 2013. Details about the duration and speed of 
propagation of both the cold front (C.F.) and outflow boundary (O.B.) for each OCF event are 
shown in the table below. Highlighted in red is the case chosen to represent all of the OCF 
events for this study. The additional OCF cases will not be looked at in detail in this paper. 
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Table 3. Time (UTC), duration (hr), distance (mi/km) and speed (mph/ms
-1
) of each OCF and associated outflow 
boundary (O.B), analyzed for the duration of the O.B. Highlighted in red is the representative OCF case chosen for 
this study. 
 
 
2.2 Observational Data 
2.2.1 Iowa Environmental Mesonet 
The Iowa Environmental Mesonet (IEM) contains a rich database of surface 
meteorological observations from different partners and projects with the goal of providing 
high resolution coverage across Iowa (IEM, 2014). Among their seven permanent observing 
networks across the state, the Automated Surface Observing System (ASOS) is a useful tool for 
geoscientists to observe and study weather phenomenon. There are 15 ASOS stations located 
at airports across Iowa which are monitored and quality-checked regularly. Data is available at a 
1-min interval which is necessary to study small-scale, short term phenomena like the wind 
surge. Time series of several variables in this study were compiled using ASOS data. In addition 
to the ASOS data provided by the IEM, two other observing systems were combined for this 
study to provide a dense observing network for each event: the Roadway Weather Information 
System (RWIS), and Schoolnet data. Data compiled by these three sources were interpolated on 
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a 12-km grid using the 16-point Bessel interpolation scheme built into the Grid Analysis Display 
System (GrADS) (GrADS, 2014). 
2.2.2 North American Mesoscale Forecast System (NAM) initial analysis 
The NAM, which is run by the National Centers for Environmental Prediction (NCEP), 
provides data over five nested domains: the continental United States (CONUS), Alaska, Hawaii, 
Puerto Rico, and Guam. The domain used by this study was CONUS, which spans from 12.9° - 
61.4° latitude and 207° - 311° longitude at a grid spacing of 0.11° latitude by 0.11° longitude 
forming a 913 x 444 grid. The NAM is run at hours 00, 06, 12, and 18 UTC. The NAM initial 
analysis is formed by a 12-hour run of the NAM data assimilation system. The NAM includes the 
NCEP regional Grid-Point Statistical Interpolation (GSI) analysis as well as the NOAA 
Environmental Modeling System (NEMS) version of the Non-Hydrostatic Multi-scale Model in B-
grid (NMMB) (NCEP, 2014). 
2.2.3 North American Regional Reanalysis (NARR) 
The NARR is also run by NCEP and provides data over a domain which covers the North 
American continent. The 247 x 1111 grid spans from 8° - 90° latitude and 110° - 120° longitude 
(wrapping around the globe with a 10° overlap) at a grid spacing of 0.33° latitude by 0.33° 
longitude. The NARR is run every three hours beginning at 00 UTC. The NARR model uses the 
high resolution NCEP Eta Model together with the Regional Data Assimilation System (RDAS) 
(Mesinger et al., 2006). 
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2.3 Model Forecast Data 
2.3.1 North American Mesoscale Forecast System (NAM) 
12- and 24-hour forecast data was used to assess the performance of the NAM for the 
NOCF model event. The model forecast data had the same grid size and spacing as the NAM 
initial analysis. 
2.4 Analysis Techniques 
In order to understand how the synoptic and mesoscale structure may be developed 
and maintained, it is necessary to look into the dynamics of the NOCF case. The two dynamical 
aspects examined in this study are thermodynamics and vorticity. It follows that computing the 
thermodynamic and vorticity budgets will elucidate sources and sinks of the heat and vorticity 
needed to sustain these systems. The following sections describe the methods employed to 
compute the thermodynamic and vorticity budgets. 
2.4.1 Thermodynamic budget 
The thermodynamic energy equation may be derived from the first law of 
thermodynamics and rearranged into the following form:  
                                                         ̇    [(
  
  
)         ]                                                           (1) 
where  ̇ is the total heat,    is the specific gas constant under constant pressure, T is 
temperature,   is the static stability parameter, and  is the vertical motion in pressure 
coordinates. The first term, (
  
  
), represents the local temperature tendency and is typically 
neglected on time scales longer than a month. For this study, the six hour time step of the NAM 
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data did not allow any useful information about the real tendency, so it was neglected. The 
second term,     , represents the horizontal advection of temperature. The advection term in 
this equation serves to distribute the thermal energy but it does not generate thermal energy. 
The last term,   , represents adiabatic cooling/warming. This term may be further broken 
down into:  
                                                                            (
  
   
 
  
  
)                                                            (2) 
This term serves as a source of heat when an air parcel descends and compresses, and serves as 
a sink of heat when an air parcel rises and expands.  
The thermodynamic budget for each NOCF case was computed with GrADS intrinsic 
functions. Central differencing was used to compute the horizontal advection terms.  
  
  
 in the 
static stability term was calculated by taking the temperature at 50-hPa above and 50-hPa 
below the current pressure. The 1000-hPa surface value of 
  
  
  used the 50-hPa temperature 
below the current pressure as well as the current temperature and pressure. The total 
thermodynamic tendency was computed as the summation of the advection and adiabatic 
terms. 
2.4.2 Vorticity budget 
The vorticity tendency equation may be derived by differentiating the zonal component 
of the horizontal momentum equation with respect to y and subtracting that from the 
meridional component of the horizontal momentum equation with respect to x (Holton, 2004). 
Analyzing the scale of each term in the vorticity tendency equation leads to the following:  
12 
 
                                                            
  
  
     (   )  (   )                                                    (3) 
where   is relative vorticity,   is total horizontal motion,   is the gradient operator, and f is the 
Coriolis parameter. The first term,    (   ), is the advection of total vorticity and may be 
further broken down into: 
                                                            (   )    
  
  
  
  
  
                                                     (4) 
where  
  
  
  
  
  
 is the horizontal advection of relative vorticity and    is the advection of 
planetary vorticity,   being the beta parameter. Advection of vorticity does not generate 
vorticity but rather serves to distribute the vorticity. The second term in the tendency equation, 
 (   )   , is the stretching of total vorticity. Vorticity stretching works to generate vorticity 
by stretching the vortex “tube” and works to lessen vorticity by compressing the vortex “tube”. 
The vorticity budget for each NOCF case was computed with FORTRAN and with GrADS 
intrinsic functions. First, FORTRAN was used to compute f and β for each grid space, following 
the domain of the NAM model. Next, values of f and β were read into a GrADS script along with 
NAM data. Intrinsic functions were used to compute the horizontal divergence and vorticity. 
Central differencing was used to compute the horizontal advection terms. The total vorticity 
tendency was computed as the summation of the advection and stretching terms. 
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CHAPTER 3. RESULTS AND DISCUSSION 
3.1 Non-Outflow Cold Front (NOCF) 
Significant findings for the model NOCF are discussed in this section; the appendix 
contains the figures for each of the additional NOCF cases studied. The NOCF event that 
occurred on 16 August 2012 was chosen to represent the remaining eight cases due to its 
prominent features and distinction under the NOCF criteria. The surface cold front originated to 
the north of Montana during the early morning hours of 15 August 2012, and made its way SE 
towards Iowa. A low pressure trough was co-located with the surface front throughout its 
propagation. A low center was also present at the northernmost tip of the cold front. A warm 
front developed off of the low center at 12 UTC on the morning of the 15th. A small occlusion 
formed to the north of Minnesota at 21 UTC on the 15th. At 00 UTC on 16 August 2012, the 
surface cold front had reached the NW tip of Iowa. The cold front propagated through Iowa in 
15 hours and exited the state on the SE tip. Before the passage of the cold front, winds were 
generally from the south; after the frontal passage winds were predominately from the NW. 
 
Figure 2. Surface analysis at 00 UTC, 06 UTC, and 12 UTC for the 16 August 2012 NOCF event, taken from the 
Weather Prediction Center (WPC 2014) 
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The salient surface features of this event included the wind field, pressure, temperature, 
moisture, precipitation, convergence, and relative vorticity. The surface wind field was analyzed 
at the 10-m level. At 00 UTC, winds in Iowa were generally from the SSW and steady around 5 
ms-1. As the surface cold front made its passage through Iowa, winds around the front veered 
from SSW to W to NW and increased in speed. By 12 UTC, the cold front was nearing the SE tip 
of Iowa, and winds were predominately northwesterly and steady.  
low high (ms
-1
) 
Figure 3. Isotach and shaded wind magnitude in ms
-1
 for 00 UTC, 06 UTC, and 12 UTC on 16 August 2012 
 
The ASOS and RWIS stations that fell in the track of the cold front were able to record 
the wind surge that accompanied its passage. Prior to the arrival of the cold front, winds were 
steady between 3 ms-1 and 5 ms-1. At the time of cold front passage, winds increased rapidly to 
over 13 ms-1. Wind speed continued to oscillate for about an hour and then remained elevated 
at around 7 ms-1. 
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Figure 4. (a) X-T diagram of wind vectors for 13 RWIS/ASOS stations along the line of frontal propagation. Blue dots 
mark the time of frontal passage at each station. (b) Time series showing the wind surge at three different RWIS 
stations. 
 
The pressure field for this event provided a key insight for the NOCF case. The pressure 
variable studied was reduced to mean sea level (MSL). The pressure field over the CONUS 
region included a low center to the north of Minnesota, a low pressure trough that extended 
down along the cold front location, and a high pressure system set to the NW and SE of the 
surface trough. Zooming in to the Midwest region, the low pressure trough had clearly 
separated the air mass behind the front from the air mass ahead of the front. Although the 
trough diminished slightly during its passage across Iowa, it persisted enough so that the two 
high pressure air masses were not able to mix. In Iowa, the pressure field dropped as the front 
made its passage, and after the front was clear the pressure rose and remained elevated. 
 
(a) (b) 
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low high (hPa) 
Figure 5. Surface pressure reduced to mean sea level (in hPa) for 00, 06, and 12 UTC on 16 August 2012 
 
The passage of the cold front brought changes in the temperature field. In addition to 
the cold front passage, the temperature was also influenced by diurnal cooling. For this reason, 
surface temperature was evaluated at the 1000- and 925-hPa level (around 50m and 750m, 
respectively) instead of the 2-m level so that the natural nighttime cooling did not affect the 
cold front gradient evaluation. The surface cold front marked the boundary between the cool, 
dense air behind it and the warm air ahead of it. The temperature change across the front 
reached upwards of 10°C over 100km and remained persistent throughout the frontal passage. 
cold  warm (°C) 
 Figure 6. Temperature at 1000-hPa for 00, 06, and 12 UTC on 16 August 2012 
 
Related to the temperature component, moisture was evaluated at both the 2-m level 
and at 925-hPa. At the 2-m surface, moistening occurred during the 00-12 UTC period on both 
sides of the surface front. This was to be expected, as nighttime temperatures decreased closer 
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to the dew point temperature. A look at the 925-hPa level can tell us a little more about the 
front’s influence on moisture. As the front progressed through Iowa, moisture increased and 
spread further south behind the front, while moisture ahead of the front remained 
comparatively low and steady. 
dry  moist (%) 
Figure 7. Relative humidity (%) at 925-hPa at 00, 06, and 12 UTC on 16 August 2012 
 
Precipitation was evaluated due to its important relationship to the outflow boundary. 
Precipitation was determined qualitatively by NEXRAD reflectivity over the Iowa region. At 00 
UTC, little to no precipitation had formed behind the front. At 06 UTC the cold front system had 
developed spotty precipitation behind the cold front. From the 06 - 12 UTC time stamps, a 
region of stratiform rain developed and moved ahead of the cold front into the region ahead of 
the surface warm front. 
 
Figure 8. NEXRAD reflectivity (dBz) for 00, 06, and 12 UTC on 16 August 2012, provided by UCAR (2014). 
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Indicative of the strength of this cold front, a line of strong convergence could be seen 
along the length of the front from 00 - 12 UTC. This band of convergence occurred at the 
interface between the NW wind behind the front and the SSW wind ahead of the front. The low 
level convergence was analyzed using the u- and v-components of the wind at 1000-hPa. 
Interestingly, the low level convergence did not correspond with upward motion, but rather 
downward motion ahead of the front up until the 850-hPa layer. It is possible that some error 
occurred inherently with the model initialization of vertical velocity, or it may be possible that 
the relationship between convergence and upward motion was weak as a consequence of the 
other dynamics taking place in this system. 
convergence divergence (s
-1
) 
Figure 9. Convergence (divergence) (s
-1
) at 1000-hPa for 00, 06, and 12 UTC. Convergence is marked by red colors 
while divergence is marked by blue colors. 
 
Relative vorticity analyzed from the u- and v-components of the 925-hPa wind followed 
the same pattern as the low level convergence. A strong, narrow strip of positive relative 
vorticity existed throughout the duration of the cold front through Iowa. This strip occurred as a 
result of the strong NW wind turning counterclockwise as it approached the surface front. This 
band could be seen throughout the low levels. 
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negative positive (s
-1
) 
Figure 10. Relative vorticity (s
-1
) at 925-hPa for 00, 06, and 12 UTC. Positive vorticity is marked by red colors while 
negative vorticity is marked by blue colors. 
 
The upper air synoptic pattern was evaluated at the following levels: 850-, 700-, 500-, 
and 300-hPa. At 850-hPa, a low pressure center existed to the north of Minnesota. Over the 12-
h period, this low center shifted slightly to the east. The low pressure trough that was visible at 
the surface and low-levels was still present and extended down into Iowa. The anticyclonic 
systems that were visible at the surface remained present over the NW and SE CONUS. At the 
700-hPa level, the low pressure center remained to the north of Minnesota. The low pressure 
trough had become wider but still resided over Iowa. A second low pressure trough began to 
form over the NE CONUS, pushing the anticyclonic system further south. The anticyclonic 
system over the NW CONUS persisted. At 500-hPa, the low center was situated over northern 
Canada, while the trough continued to extend its way down into Iowa. The trough had begun to 
tilt slightly westward, while the NE trough continued to develop. A high pressure ridge was 
prevalent over the entire western CONUS. At the topmost level, 300-hPa, the main low trough 
had shifted over the Dakotas while the NE trough had intensified but did not move. The 
anticyclonic ridge remained over the western CONUS.  
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Figure 11. Geopotential height for (a) 850-hPa, (b) 700-hPa, (c) 500-hPa, and (d) 300-hPa at 06 UTC on 16 August 
2012. High and low centers are marked by a blue ‘H’ and red ‘L’, respectively. 
 
While the majority of this paper focuses on a single, representative NOCF, a larger 
selection of cases were examined to add significance to this paper’s findings. For each of the 
additional 8 NOCF events, the outstanding features were collected and compared to the 
original case study. Each NOCF case was examined for the following outstanding features:  
 A surface cold front oriented NE to SW passed through Iowa starting at its NW tip and 
exiting through its SE tip. 
 Strong northwesterly flow was present behind the cold front and strong south-
southeasterly flow was present ahead of the cold front. 
(a) (b) 
(c) (d) 
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 A surface low pressure trough was located along the front, situated between a high 
pressure system to the NW and SE of the cold front. This trough had to be pronounced and 
persistent through time, separating the anticyclones like a saddle point. There was no 
mixing between the two high pressure masses.  
 An upper air trough was connected to a surface trough. This upper air trough tilted slightly 
westward with height. 
 Variable to little precipitation was associated with the cold front, and was generally situated 
behind the cold front. 
 Moist low-levels were situated behind the front. The moisture gradient at the surface was 
not necessarily very steep, but this gradient persisted up to the 925-hPa level. 
 A tight temperature gradient along the cold front was able to persist through the low-levels. 
The temperature change across the surface front could reach upwards of 10°C. 
 In the upper levels, the cold air was confined north of the trough so that there was a N-S 
temperature stratification that propagated eastward. 
 A long, narrow band of cold air advection was present behind and parallel to the cold front. 
 A zone of weak warm air advection was present ahead of the surface cold front. 
 Moderate convergence of air along and behind the surface cold front was present and 
typically extended through the low-levels. 
 Downward vertical motion was present along the surface cold front until around 850-hPa; 
at 850-hPa upward vertical motion was generally dominant. 
 A low-level jet influence that reached into Iowa was oriented along the surface front. 
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 A jet stream at 300-hPa was oriented perpendicular to the surface cold front and near the 
NW tip of Iowa. 
 A narrow strip of positive relative vorticity was present behind and parallel to the surface 
cold front which persisted but did not move ahead of the front. 
A summary of the results for each feature related to the NOCF can be found below. Strong 
agreement indicated that the feature fit the description above completely. Weak agreement 
meant that the feature fit the description above generally, but maybe had some non-
agreement. No agreement indicated that the feature did not fit the description above at all. 
Table 4. Each NOCF is listed along with its agreement with the major features found in the NOCF model case on 16 
August 2012. Green crosses indicate strong agreement, yellow crosses indicate weak agreement, and red crosses 
indicate no agreement. 
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3.2 Outflow Cold Front (OCF) 
Significant findings for the model OCF are discussed in this section. The OCF event that 
occurred on 25 May 2010 was selected to represent the other eight OCF cases. The cold front 
originated over the Arizona/New Mexico border one day prior its entry into Iowa. The cold 
front was associated with a low pressure center that deepened and moved NW. A warm front 
was present to the north of the cold front throughout its duration. At 03 UTC on 25 May 2010, 
an occlusion formed between the interface of the cold and warm fronts and the low center. At 
06 UTC, while the cold front extended down from the Dakotas to the Texas panhandle, an 
outflow boundary formed from the cold front, stretching from the warm front in Minnesota 
down to east-central Nebraska. At 12 UTC the cold front became stationary over Iowa. The 
outflow continued to propagate out ahead of the front until 18 UTC, when it dissipated. The 
outflow boundary moved at an average speed of 13 ms-1 (30 mph) compared to the cold front 
which propagated at an average speed of 4 ms-1 (8 mph).  
 
Figure 12. Surface analysis at 00 UTC, 06 UTC, and 12 UTC for the 25 May 2010 OCF event, taken from the Weather 
Prediction Center (WPC 2014) 
 
Like the NOCF model case, the salient surface features involved with this event were the 
wind field, pressure, temperature, moisture, precipitation, convergence, and relative vorticity. 
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Again, the surface wind field was analyzed at the 10-m level. At 00 UTC, winds ahead of the 
front were from the south, reaching speeds up to 18 ms-1 close to the low center. Behind the 
front, winds were from the west, oriented perpendicular to the front and also reaching speeds 
of 18 ms-1. At 06 UTC, winds were significantly weaker around the front. Ahead of the front, 
winds were still generally from the south, but behind the front the direction had shifted to the 
SSW. The wind direction discontinuity over the front had been greatly minimized at this point. 
At 12 UTC, wind speeds were further reduced and wind direction around the front was variable. 
high low (ms
-1
) 
Figure 13. Isotach and shaded wind magnitude in ms
-1
 at 10-m for 00 UTC, 06 UTC, and 12 UTC on 25 May 2010 
 
The pressure field for this event had a distinct difference between the NOCF event. Over 
the CONUS region, the low pressure center was situated further south over the western North 
Dakota/South Dakota border. The low pressure trough extended over the Texas panhandle. Like 
the NOCF, a high pressure center existed behind and ahead of the cold front. Looking over the 
Midwest region, the low pressure center during this time propagated northward to the 
Canadian border. The surface trough which was initially present at 00 UTC began to fill at 06 
UTC and by 12 UTC was gone. Between the 00 – 06 UTC time steps, the low pressure trough 
had weakened enough so that the two high pressure air masses were allowed to mix. It is at 
this time that the outflow boundary forms off of the cold front. The trough weakening could be 
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the trigger necessary for an outflow boundary. This feature is believed to be a key distinction 
between the NOCF and OCF events. 
low  high (hPa) 
Figure 14. Surface pressure reduced to mean sea level (in hPa) for 00, 06, and 12 UTC on 25 May 2010 
 
The passage of the cold front brought temperature changes to the region. Like the NOCF 
case, temperature was evaluated at the 1000- and 925-hPa levels to reduce the influence of 
diurnal surface cooling. At 00 UTC, warm air was present over a wide expanse ahead of the cold 
front. Behind the front, temperatures dropped off sharply close to the low center, and less 
sharply away from the low center. At 06 UTC, the once tight temperature gradient had been 
reduced, and cold air had begun to spiral in from the north due to the low center. At 12 UTC, 
the temperature gradient had been reduced further and more cold air had been wrapped up 
into the low center. 
cold  warm (°C) 
Figure 15. Temperature (°C) at 1000-hPa for 00, 06, and 12 UTC on 25 May 2010 
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Moisture was evaluated at both the 2-m and 925-hPa level. At the 2-m level, moistening 
occurred ahead of the cold front. The dry air behind the front and to the south persisted even 
through the nighttime cooling. This patch of dry air allowed a dry tongue to extend up the 
length of the front throughout the night hours. At the 925-hPa level, the dry tongue was still 
present behind the front, although ahead of the front there was significantly less moistening 
than at the surface. The region of cold air that had been wrapped around the low center 
maintained its moisture for the duration of the period. 
dry  moist (%) 
Figure 16. Relative humidity (%) at 925-hPa at 00, 06, and 12 UTC on 25 May 2010 
 
Precipitation was evaluated next, with the assumption that an outflow boundary would 
need a source of strong precipitation to induce evaporative cooling. That assumption proved 
correct, as NEXRAD reflectivity showed a line of strong cells behind the cold front with a small 
region of trailing stratiform rain. At 06 UTC the precipitation had moved ahead of the surface 
front, and by 12 UTC the remaining precipitation was now being formed off of the outflow 
boundary itself, not the cold front. 
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Figure 17. NEXRAD reflectivity (dBz) for 00, 06, and 12 UTC on 25 May 2010, provided by UCAR (2014) 
 
At 00 UTC, the convergence along the length of the surface OCF was quite intense as 
compared to the NOCF. Arranged similarly to the NOCF, this band of convergence was co-
located in a narrow strip with the front. The strong convergence was due to both the difference 
in wind direction along the front and also the intensity of the winds. By 06 UTC, however, the 
band of strong convergence had dissipated entirely along the whole length of the cold front. 
This was due to the weakening of the wind gradient across the front. Winds were slightly 
convergent ahead of the outflow boundary itself. By 12 UTC, convergence along both the front 
and the outflow boundary were gone. 
convergence divergence (s
-1
) 
Figure 18. Convergence (divergence) (s
-1
) at 1000-hPa for 00, 06, and 12 UTC on 25 May 2010. Convergence is 
marked by red colors while divergence is marked by blue colors. 
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The last surface variable studied, the relative vorticity, was again analyzed by the u- and 
v-components of the wind. In a similar fashion to the convergence, a strong narrow strip of 
positive relative vorticity was present along the upper section of the cold front at low levels. At 
06 UTC the band of vorticity had weakened greatly but could still be seen along the front. A 
region of weak relative vorticity surrounded the outflow boundary. Like the convergence, by 12 
UTC this band of positive relative vorticity was completely gone. 
negative positive (s
-1
) 
Figure 19. Relative vorticity (s
-1
) at 925-hPa for 00, 06, and 12 UTC on 25 May 2010. Positive vorticity is marked by 
red colors while negative vorticity is marked by blue colors. 
 
The upper air synoptic pattern was evaluated at the following levels: 850-, 700-, 500-, 
and 300-hPa. At 850-hPa, a deep low pressure center resided over the 
Dakotas/Montana/Wyoming border. A high pressure system was centered over the New 
England states, and another smaller high pressure system was set to the SW of the low center 
over Utah. The trough that had extended to the Texas panhandle was still intact at this level. At 
the 700-hPa level, the low pressure center had shifted to the north and was now at the 
Canadian border. The high pressure system remained over the NE CONUS and the SW high 
pressure system had disappeared. This dipole structure of L-H over the CONUS extended up 
into the 500-hPa level. A deep trough extended down into Mexico from the low center, which 
29 
 
remained stacked above its 700-hPa position. Analyzing the 300-hPa level, the low pressure 
center had shifted westward and the low pressure trough remained over the western CONUS. 
The high pressure over the NE had expanded and the ridge extended northward into Canada. 
 
Figure 20. Geopotential height for (a) 850-hPa, (b) 700-hPa, (c) 500-hPa, and (d) 300-hPa at 06 UTC on 25 May 
2010. High and low centers are marked by a blue ‘H’ and red ‘L’, respectively. 
 
An overview of the features found for the OCF case is listed below:  
 A surface cold front that often becomes stationary just before or just after the formation of 
an outflow boundary is present. 
 A surface low pressure center to the west of Iowa extended upward to couple with an 
upper level trough, initially co-located with a surface low pressure trough. The trough filled 
(a) (b) 
(d) (c) 
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in as the low center deepened, allowing the air masses behind and ahead of the surface 
front to mix.  
 Moderate to high rainfall was situated behind the surface cold front that moved ahead of 
the front once the outflow boundary formed. 
 Moist low-levels were present near the low center, with drier air behind the cold front. 
 An Initially tight temperature gradient existed along the cold front which persisted through 
the low-levels. The temperature gradient decreased after formation of outflow boundary. 
 In the upper levels, the cold air was wrapped around the low pressure center, leading to an 
E-W oriented thermal gradient. 
 A long, narrow band of cold air advection was present behind and parallel to the surface 
cold front that dissipated after formation of the outflow boundary. 
 Very little warm air advection occurred ahead of the surface cold front. 
 Strong convergence of air along and behind the surface cold front was seen, which 
extended through the low-levels, that dissipated after formation of the outflow boundary. 
 Downward vertical motion was present behind the surface cold front until around 850mb; 
at 850-hPa upward vertical motion was generally dominant. 
 A low-level jet influence that reached Iowa was oriented along the surface front. 
 A jet stream at 300mb was oriented parallel to the surface cold front. 
 A narrow strip of positive relative vorticity was present behind and parallel to the surface 
cold front that dissipated and moved ahead of the front after formation of the outflow 
boundary. 
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3.3 Thermodynamic and Vorticity Budget Results 
The results from the heat budget analysis will elucidate sources and sinks of 
thermodynamic energy and provide the means to explain dynamically the synoptic conditions 
of the NOCF and OCF.  
Looking first to the temperature advection term for the NOCF case, results over the 
CONUS region were evaluated at the 1000-, 925-, 850-, 700-, and 500-hPa levels. The 1000-hPa 
level was taken to represent the surface. Temperature advection at the lowest level featured a 
band of strong cold air advection behind the front and extended down the length of it. This 
band of cold air advection intensified at the 925-hPa level. Also at 925-hPa, an area of warm air 
advection could be seen in the region between the cold and warm front. At 850-hPa, the band 
of cold air advection had begun to dissipate although the region of warm air advection 
persisted. Weak cold air advection persisted up until 700-hPa, but upon reaching the 500-hPa 
level there was no distinct advection pattern occurring. The band of cold air advection behind 
the front was much clearer over the Midwest. In addition, it was now possible to see a zone of 
weak cold air advection trailing behind the leading band up until 850-hPa. At 1000-hPa it was 
possible to make out very weak warm air advection ahead of the front which then intensified at 
the 925- and 850-hPa levels. At our smallest domain, the cold air advection shown before is 
featured over Iowa with a sharp leading edge while the warm air advection is more dispersed 
and wide-spread. Again, this pattern of cold air/warm air advection is present up until 850-hPa. 
Results for the temperature advection is in agreement with the horizontal charts of 
temperature shown earlier. 
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Analysis of the adiabatic cooling/warming term over the CONUS region featured a band 
of adiabatic warming ahead of the front at 1000- and 925-hPa. By 850-hPa, this band had 
dissipated and a weak band of adiabatic cooling was present behind the front. No distinct 
features remained at the 700- and 500-hPa levels. Over the Midwest, the detail was once again 
clearer. Adiabatic warming existed in a band ahead of the cold front which was most significant 
at the 1000-hPa level. Also at this level, dispersed adiabatic cooling in the region behind the 
cold front was present. At 700-hPa, a small strip of adiabatic warming over the surface front in 
Iowa was visible. The adiabatic warming present at 700-hPa was shown to be comparable in 
magnitude to the warming at 1000-hPa. Results for the adiabatic warming/cooling are in 
agreement with the horizontal charts of vertical velocity shown earlier; in areas of upward 
motion there is adiabatic cooling due to expansion and in areas of downward motion there is 
adiabatic warming due to compression of air. 
Putting the temperature advection and adiabatic terms together completes the heat 
budget analysis and provides a picture of the total heating taking place in this system. The 
cooling that is present behind the front is due overwhelmingly to the advection of cold air to 
that region. The warming that is present ahead of the front is due in part by the advection and 
adiabatic terms. At 1000- and 700-hPa, the adiabatic term contributes more to the total 
heating; at 925- and 850-hPa the advection term contributes more to the total heating. 
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cooling  warming (°Cs
-1
) 
Figure 21. Total heating (Qcp), horizontal temperature advection (vdelT), and adiabatic cooling/warming (σω) at 06 
UTC shown for 1000-, 925-, and 850-hPa on 16 August 2012. Units are (°Cs
-1
). 
 
Temperature advection results for the OCF case were evaluated at the 1000-, 925-, 850-, 
700-, and 500-hPa levels over the CONUS region. It was immediately noticeable that the cold air 
advection behind this front did not match the extent of the NOCF case. Present below 850-hPa 
was a short narrow band of cold air advection which was connected to the low center. A wedge 
of warm air advection associated with the warm front was also present throughout this layer. 
The second distinct feature is that after the release of the outflow boundary at 06 UTC, both 
the warm and cold air advection dissipated at 1000-hPa. At 925- and 850-hPa, the wedge of 
warm air advection remained along with a wedge of cold air advection that was situated NE of 
the surface band. The upper levels contained a mixture of both warm and cold advection. 
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Analyzing the mid- and small scale regions, it was apparent that the band of cold air advection 
present at 00 UTC remained fairly constant throughout the mid-levels. The absence of any real 
cold air advection after 00 UTC corresponded to the temperature and wind profiles shown 
earlier. 
Analysis of the adiabatic cooling/warming term over the CONUS region featured several 
key components. Below 925-hPa there was a wide region behind the front experiencing 
adiabatic warming that weakened after the formation of the outflow boundary. At 850-hPa a 
narrow strip of adiabatic cooling appeared over what would be the surface cold front; this band 
was not present after the outflow boundary formed. At 700-hPa this adiabatic cooling band was 
even stronger, with adiabatic warming present behind and ahead of it. By 500-hPa that band 
had weakened. This band of adiabatic cooling was no longer present after 00 UTC and the 
formation of the outflow boundary. 
Analyzing the temperature advection and adiabatic terms together gives a complete 
picture of the heating and cooling occurring for this case. Similar to the OCF, cold air advection 
played the biggest roll in cooling at the low levels, while adiabatic cooling is dominant in the 
mid- to upper levels. Unlike the NOCF case, there was little warming ahead of the front by 
either advection or adiabatic warming. Shown below are the total heat, temperature advection, 
and adiabatic cooling/warming charts at 00 UTC taken at levels 1000-, 925-, and 850-hPa. 
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Figure 22. Total heating (Qcp), horizontal temperature advection (vdelT), and adiabatic cooling/warming (σω) at 00 
UTC shown for 1000-, 925-, and 850-hPa on 25 May 2010. Units are (°Cs
-1
). 
 
The results from the vorticity budget analysis will elucidate sources and sinks of 
rotational energy and provide the means to explain dynamically the synoptic conditions of the 
NOCF and OCF.  
Vorticity advection results for the NOCF case were evaluated at the 1000-, 925-, 850-, 
700-, and 500-hPa levels over the CONUS region. Over this region, a narrow coupling of positive 
and negative vorticity advection can be just made out behind the cold front up until the 850-
hPa level. Above this level, a distinct pattern of any sort is not present. Analysis over the 
Midwest region showed that a strip of moderately strong positive vorticity advection lay behind 
the surface front and ahead of a parallel strip of negative vorticity advection. This pattern was 
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most intense over Iowa at 925-hPa. This coupling of positive and negative advection indicated 
that a wave pattern existed behind the cold front. This coupled strip corresponded to the strip 
of strong positive relative vorticity seen earlier. 
Analysis of the vortex stretching term made apparent that this term had less of a 
significant presence than the advection term. A strip of positive vortex stretching was present 
behind the cold front and could just be made out when looking over the CONUS region. Over 
the Midwest region, the strip of positive vortex stretching that was present at 1000-hPa 
intensified at 925-hPa and then almost completely dissipated at 850-hPa except at the southern 
tip of the front. Any sort of significant vortex stretching was not present above the 850-hPa 
level. Over Iowa, the vortex stretching feature was only present below the 925-hPa level. In 
addition, the vortex stretching did not exist in a smooth, continuous band but rather was 
discontinuous. 
Piecing the vorticity advection and stretching terms together, the vorticity tendency 
picture was complete. Below 925-hPa, the vorticity advection and vortex stretching terms had 
combined forces to amplify the positive vorticity tendency behind the front. The negative 
vorticity tendency was due virtually exclusively to the negative vorticity advection. Over Iowa, 
whatever residual tendency that was left above 925-hPa was due to the advection of vorticity. 
A small band of vortex stretching at 850-hPa helped to amplify the positive vorticity tendency 
located behind the southern portion of the front. Over the entire CONUS, whatever residual 
tendency that was left above 850-hPa was due to the advection of vorticity. 
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) 
Figure 23. Total vorticity tendency (ζ tendency), horizontal vorticity advection (ζ advection), and vortex stretching 
(ζ stretching) at 06 UTC shown for 1000-, 925-, and 850-hPa on 16 August 2012. Units are (s
-2
). 
 
Looking next at the vorticity advection term for the OCF case, results over the CONUS 
region were again evaluated at the 1000-, 925-, 850-, 700-, and 500-hPa levels. Like the NOCF 
case, a narrow coupling of positive and negative vorticity advection lay behind the cold front 
into the mid-levels, although in this case the length was shortened. At around 850-hPa, this 
coupling reached its maximum intensity. This coupled strip corresponded to the strip of strong 
positive relative vorticity seen earlier and indicated wave motion; however, this wave pattern 
was significantly reduced after the formation of the outflow. 
Unlike the NOCF case, the vortex stretching term was significant for the OCF event, and 
it was significant up into the mid-levels. Situated behind the front, this long narrow band of 
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vortex stretching acted to generate vorticity. This band was co-located with the relative 
vorticity seen earlier.  
Combining the vorticity advection and stretching terms together, the vorticity tendency 
picture was once again complete. The stretching which was present acted to fortify the 
advection of positive vorticity to create a positive tendency immediately behind the front. The 
advection of negative vorticity, situated behind the positive band, indicated a wave-like pattern 
that was shut off after the formation of the outflow. Shown below are the total vorticity 
tendency, vorticity advection, and vortex stretching charts at 00 UTC taken at levels 1000-,  
925-, and 850-hPa. 
 
negative  positive (s
-2
) 
Figure 24. Total vorticity tendency (ζ tendency), horizontal vorticity advection (ζ advection), and vortex stretching 
(ζ stretching) at 00 UTC shown for 1000-, 925-, and 850-hPa on 25 May 2010. Units are (s
-2
). 
39 
 
3.3 NAM Forecast Assessment 
One of the goals of this study was to determine whether a current operational forecast 
model, the NAM, could sufficiently predict the wind surging associated with the NOCF event. 
The variables evaluated in the forecast analysis were surface wind, surface pressure, surface 
temperature, surface relative vorticity, and the 850-, 700-, and 300-hPa geopotential height 
fields. It was first necessary to locate the position of the surface cold front for the 12- and 24-h 
forecasts. For the 12-h forecast for 00 UTC, the cold front lined up very well with the observed 
front in Minnesota, but then was situated about 80 km north of the true front from Iowa 
southward. Six hours later at the 06 UTC forecast, the forecasted front north of Iowa was too 
far east, by about 80 - 130 km, and the front south of Iowa was still too far north by upwards of 
180 km. At the last forecast hour for 12 UTC, the front was in generally good alignment with the 
observed front north of Iowa, but south of Iowa was once again too far north by around 80 km. 
The 24-h forecasted cold front location for each time stamp was quite similar to the 12-h 
locations. 
Forecasted winds for the NOCF did a fair job of representing the wind change across the 
front, with a few noticeable exceptions. First, the winds ahead of the front were overestimated 
by 2 - 4 ms-1 over the 12 hour period. Overestimation of winds ahead of the front can be 
problematic in the case of a wind surge; forecasters may not be able to predict the sudden 
change in wind speed if wind speeds are already high ahead of the front. A second noticeable 
bias was the underestimation of wind speed behind the front of around -5 ms-1. This was due to 
the forecasted cold front location being too far north, misplacing the edge of the wind surge. 
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Again, this is a problem for forecasters who are trying to predict when the leading edge of the 
wind surge will arrive. 
high low (ms
-1
) 
negative positive (ms
-1
) 
Figure 25. Surface isotach and shaded wind magnitude (ms
-1
) for the NAM initial analysis, 12-hr forecast, and 12-hr 
forecast bias for 06 UTC on 16 August 2012. The top color bar is for wind magnitude while the bottom color bar is 
for bias. 
 
As mentioned earlier, the low pressure trough at the surface functions as a trigger 
mechanism for the formation of an outflow boundary. Proper forecasting of this trough is then 
crucial in order to predict when and where wind surging will occur. A look at the 12-h 
forecasted surface pressure showed a wide band of under forecasted pressure behind the front 
at 00 UTC. This meant that the forecasted trough was deeper around the front than was 
observed, partly owing to the placement of the surface front. At 06 UTC the forecasted trough 
was still lower than it should have been on the southern part of the front. A high pressure bias 
was present near the location of the low center. At 12 UTC, the low pressure bias around the 
front was almost gone, but now a high pressure bias existed behind and ahead of the cold front. 
The 24-h forecasted pressure pattern behaved similarly to the 12-h with the exception of a 
lingering low pressure bias at 12 UTC.  
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low  high (hPa) 
negative  positive (hPa) 
Figure 26. Surface pressure (hPa) for the NAM initial analysis, 12-hr forecast, and 12-hr forecast bias for 06 UTC on 
16 August 2012. The top color bar is for surface pressure while the bottom color bar is for bias.                                                                       
 
A warm bias in temperature appeared behind and ahead of the cold front in the 12-h 
forecast at 00 UTC. The warm bias expanded at the 06 UTC forecast and then weakened at 12 
UTC. A region of cold air bias was present over NW Iowa as the cold front entered the state, 
due to an erroneous cold air tongue that extended from Minnesota. The only noticeable 
difference in the 24-h forecast is that the region of cold air bias at 00 UTC extended down the 
length of the cold front.  
cold  warm (°C) 
negative positive (°C) 
Figure 27. Surface temperature (°C) for the NAM initial analysis, 12-hr forecast, and 12-hr forecast bias for 06 UTC 
on 16 August 2012. The top color bar is for surface temperature while the bottom color bar is for bias.  
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The forecast error for surface relative vorticity could be explained by the model’s error 
in front placement; since vorticity is computed using the u- and v-components of the wind, a 
change in vorticity will accompany a change in front placement. The positive bias north of the 
observed front for each time step corresponded chiefly to the front location error, not an error 
in amplitude. The same reasoning applies to the 24-h forecast, although during the 06 UTC time 
step it is evident that some amplification of the surface relative vorticity had taken place. 
negative  positive (s
-1
) 
negative positive (s
-1
) 
Figure 28. Relative vorticity (s
-1
) at 1000-hPa for the NAM initial analysis, 12-hr forecast, and 12-hr forecast bias for 
06 UTC on 16 August 2012. The top color bar is for relative vorticity while the bottom color bar is for bias.                                                                 
 
The final field analyzed for this NOCF was geopotential height. The overlying error 
observed with the geopotential height was the location of the low center, low pressure trough, 
and amplitude of the high pressure center to the NW of the surface front. Geopotential height 
was the first variable to show a significant difference between the 12- and 24-h forecasts. At 
the 850-hPa level during the 12-h forecast, a low pressure bias along the southern end of the 
trough was contrasted with a high pressure bias at the base of the low center. The 12 UTC time 
stamp showed significant over-prediction of pressure all around the low center. At 850-hPa 
during the 24-h, a low pressure bias at the low center and around the trough indicated that 
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both features had been forecasted too far east. The high pressure bias in the NW indicated that 
the model over predicted the strength of the high center. At the 700-hPa level for both the 12- 
and 24-h forecasts, the negative bias around the low center remained, as did the positive bias 
around the NW high center. The low pressure bias along the trough had been reduced, since 
the trough itself had receded. Going up to 500-hPa level revealed widespread overestimation of 
pressure over the western CONUS. At the 24-h forecast, a low pressure bias was present in both 
the troughs. At the 300-hPa level, the bias pattern became convoluted and hard to read, with 
both a low and high pressure bias present in the both the central and NE trough. 
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low  high (dm) 
Figure 29. Geopotential height (dm) at 850-, 700-, 500-, and 300-hPa for the NAM initial analysis, 12-hr forecast, 
and 12-hr forecast bias for 06 UTC on 16 August 2012. The color bar is for height bias. 
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CHAPTER 4. CONCLUSIONS 
The cases presented in this study elucidate a clear distinction between the synoptic 
conditions of the NOCF and the OCF. A summary of the main features that distinguished the 
cold front with an outflow boundary to the cold front without an outflow boundary is provided 
below:  
Surface cold front – NOCF propagates steadily through Iowa; OCF may become stationary 
Surface low pressure trough – NOCF has a pronounced trough that persists through the front’s 
passage across Iowa; OCF has a weak trough that dissipates 
Precipitation – NOCF has low to variable rainfall behind the surface front; OCF has moderate to 
heavy rainfall that can develop ahead of the surface front 
Surface temperature gradient – NOCF has a tight temperature gradient across the surface 
front; OCF has an initially tight temperature gradient across the front that weakens after 
outflow formation 
Cold air advection – NOCF has cold air advection that persists; OCF has cold air advection that 
weakens after outflow formation 
Warm air advection – NOCF has broad warm air advection in low-levels; OCF has little to no 
warm air advection 
Convergence – NOCF has convergence along front that persists; OCF has convergence that 
weakens after outflow formation 
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Relative vorticity – NOCF has a strip of positive relative vorticity behind the cold front that 
persists; OCF has a strip of positive relative vorticity that dissipates and moves ahead of the 
front after formation of the outflow boundary. 
Upper air structure – NOCF has a trough that tilts slightly westward with height; OCF has a 
deep low center that is stacked with height and is coupled with a high center to create a dipole 
structure over the CONUS. 
Upper level cold air – NOCF has cold air located north of the upper air trough with a N-S 
thermal stratification; OCF has cold air wrapped into the low center with an E-W thermal 
stratification 
Jet stream – NOCF has a jet stream at 300mb oriented perpendicular to the surface front; OCF 
has a jet stream at 300mb oriented parallel to the surface front 
This list can be used to identify frontal type in an effort to help predict when the wind surges 
associated with each event will occur.  
 Several questions were raised during the completion of this study that would be 
beneficial to investigate further. First, the results from this study are provided to serve as a 
dual-purpose assistance to both modelers and wind power operators.  The forecast accuracy 
assessment of the model NOCF event highlighted the need for improvement in modeling these 
events, as wind surge intensity and timing was an issue. An examination of the wind surge 
characteristics for each case would help in the creation of a forecast advisory. Basic statistics 
like the average amplitude and duration of wind surging would help wind power operators 
make informed decisions about how to prepare for a sudden rise in energy output.  
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An additional question to address in the future is whether the NAM model can predict 
either the NOCF or the OCF synoptic features better, and in doing so whether the wind surge 
associated with each event may be better forecasted. Quantifying the uncertainty associated 
with the NAM forecast for each event will be a useful tool for wind power operators to make 
decisions that affect wind production.  
Next, of the 133 cold front events that passed through Iowa during our study period, 18 
cases were selected for this study. The selection criteria for this study narrowed down the field 
of suitable cases by a considerable amount. Expanding the selection criteria would allow for 
more cases to be analyzed and would provide additional statistical significance to these results. 
Following the expansion of case selection, it would be helpful to classify and group cases by 
common features. Including more cases in the analysis would make it possible to develop a 
composite image of all events which would make the outstanding features of the NOCF and 
OCF clear. In addition to the composite image, a conceptual model for each event’s synoptic 
systems would be good to include in future work. 
An investigation into the difference between the summertime and wintertime 
NOCF/OCF events would also be beneficial. Cold front cases for this study were chosen from 
the late spring and summer months, although wind surge events can also occur in the fall and 
winter seasons. Including cold season cold fronts would allow many more cases to be included 
for the statistical analysis and would aid in creating a forecast advisory for all seasons. 
Expanding the case selection, classifying each case into groups with common features, 
and investigating the NAM forecast accuracy for the NOCF and OCF events, would all make 
beneficial contributions to future work on this study. 
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APPENDIX – ADDITIONAL NOCF CASE STUDIES 
A.1 4 May 2010  
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